Masking and crowding are major phenomena associated with contextual modulations, but the relationship between them remains unclear. We have recently shown that crowding is apparent in the fovea when the time available for processing is limited, pointing to the strong relationship between crowding in the spatial and temporal domains. Models of crowding emphasize the size (acuity) of the target and the spacing between the target and flankers as the main determinants that predict crowding. Our model, which is based on lateral interactions, posits that masking and crowding are related in the spatial and temporal domains at the fovea and periphery and that both can be explained by the increasing size of the human perceptive field (PF) with increasing eccentricity. We explored the relations between masking and crowding using letter identification and contrast detection by correlating the crowding effect with the estimated size of the PF and with masking under different spatiotemporal conditions. We found that there is a large variability in PF size and crowding effects across observers. Nevertheless, masking and crowding were both correlated with the estimated size of the PF in the fovea and periphery under a specific range of spatiotemporal parameters. Our results suggest that under certain conditions, crowding and masking share common neural mechanisms that underlie the spatiotemporal properties of these phenomena in both the fovea and periphery. These results could explain the transfer of training gains from spatiotemporal Gabor masking to letter acuity, reading, and reduced crowding.
Introduction Spatial domain
Contextual modulation is a general phenomenon that refers to changes in the appearance of patterns or objects when they are presented within the context of other patterns. Some well-known types of contextual modulations are visual masking (including center surround), crowding, grouping, and several types of size illusion. However, most of the current research interest focuses on masking and crowding. Usually when the target stimulus is presented alone, it is easy for the observer to perform the task, but presenting a mask within a small spatiotemporal window with the target can make the observer's task very difficult (Breitmeyer, 1984; Breitmeyer & Ogmen, 2000; Enns & Di Lollo, 2000; Francis, 2000; Herzog & Fahle, 2002; Levi, 2008; Pelli, Palomares, & Majaj, 2004; Polat, 1999; Polat & Sagi, 1993; Whitney & Levi, 2011; Woods, Nugent, & Peli, 2002) .
Visual masking is most common when the target is surrounded by a mask (Cannon & Fullenkamp, 1991; Yu, Klein, & Levi, 2003; Yu & Levi, 2000) or is embedded in texture (Chubb, Sperling, & Solomon, 1989) . The literature on masking distinguishes between pattern masking, when the mask and target are presented at the same retinal location (i.e., ordinary masking), and lateral masking, when the mask location does not overlap with the target's location (Levi & Carney, 2011; Pelli et al., 2004; Polat & Sagi, 1993) .
Visual crowding can be defined as the inability to recognize objects in clutter; it sets a fundamental limit on conscious visual perception and object recognition throughout most of the visual field (Levi, 2008; Pelli et al., 2004; Whitney & Levi, 2011) . Crowding is most pronounced in peripheral vision, in the fovea of people with strabismus amblyopia (Bonneh, Sagi, & Polat, 2007; Flom, Weymouth, & Kahneman, 1963; Levi, 2008; Whitney & Levi, 2011) , or in the fovea for short presentation times (Lev, Yehezkel, & Polat, 2014) . The crowding effect is usually measured when the target and flankers are visually nonoverlapping; thus, it parallels the lateral masking measurements.
Both crowding and masking are affected by similar factors such as the distance between the flankers and the target, their relative similarities, and the global Citation: . Space and time in masking and crowding. Journal of Vision, 15(13):10, 1-25, doi:10.1167/ 15.13.10 arrangement (Levi, 2008; Livne & Sagi, 2011; Pelli & Tillman, 2008; Polat & Sagi, 1993; Whitney & Levi, 2011) as well as grouping (Kovacs, 1996; Manassi, Sayim, & Herzog, 2012 Sterkin & Polat, 2008) and attention (Freeman, Sagi, & Driver, 2001; He, Cavanagh, & Intriligator, 1996; Yeshurun & Rashal, 2010) . Thus, since both crowding and masking share similar properties, studies suggest that masking and crowding are related, especially in the fovea (Chung, Levi, & Legge, 2001; Lev, Yehezkel, et al., 2014; Levi & Carney, 2011; Polat & Sagi, 1993; Polat, Sterkin, & Yehezkel, 2007) .
However, the general view, supported by many studies, considers crowding to be unlike ordinary masking, especially at the periphery (Chakravarthi & Cavanagh, 2009; Danilova & Bondarko, 2007; Levi, 2008; Levi & Carney, 2011; Pelli et al., 2004; Pelli & Tillman, 2008; Strasburger & Malania, 2013; Whitney & Levi, 2011) . Most theories of crowding and masking suggest the existence of multistage processing (Chakravarthi & Cavanagh, 2009; Chung et al., 2001; He et al., 1996; Levi, 2008; Levi & Carney, 2011; Livne & Sagi, 2011; Neri & Heeger, 2002; Parkes, Lund, Angelucci, Solomon, & Morgan, 2001; Pelli et al., 2004; Pelli & Tillman, 2008) , whereby in the first stage the features are detected independently and integrated for object recognition at later stages. However, there is still no consensus regarding the relationship between masking and crowding. One characteristic that seems to be acceptable to most people in the field concerns the task: Masking relates to feature detection and crowding relates to feature identification. The main aim of our study was to explore the relationship between masking and crowding in the fovea and periphery under different spatiotemporal conditions and to clarify the distinctions commonly made between the two.
Temporal domain
Two stages of processing are typically considered in models of spatial vision: The first is detection, and the second is identification. Most models consider masking as the first stage and crowding as the second ''identification'' stage. It was found (Neri & Heeger, 2002) that the identification stage takes place 100 ms after the detection stage. This result is consistent with our recent finding (Lev, Yehezkel, et al., 2014) that extra processing time is needed to overcome the crowding effect in the fovea. It was also shown that crowding is affected by temporal factors (Chung & Patel, 2011; Lev, Yehezkel, et al., 2014) . Moreover, a recent study showed that, even at the periphery, the critical distance for crowding is not fixed and that it depends on the presentation times (Chung & Mansfield, 2009; Tripathy, Cavanagh, & Bedell, 2014) . Thus, taken together, there is emerging evidence supporting the idea that spatial crowding behaves differently under changing temporal conditions when the processing time is short. In this study we also aimed to explore the temporal domain that affects masking and crowding.
Perceptive field
The perceptive field (PF), which is the psychophysical analog to the classical receptive field in the visual cortex (Jung & Spillmann, 1970) , proposed as the processing unit of human visual perception, is of great interest for theoretical and practical aspects of vision. It has been suggested that the weighting functions of spatial filters that most resemble those of cortical simple cells have two to three cycles (Polat & Tyler, 1999; Watson, 1982; Watson, Barlow, & Robson, 1983) and that simple cells are matched to Gabor signals (Marcelja, 1980) . A recent study, which used a reverse correlation technique, found that the PF is similar to that found in the visual cortex using a similar method . Interestingly, psychophysical studies of lateral masking that used Gabor patches provided similar estimations of about two to three cycles (k) for the PF's size (Polat & Sagi, 1993; Zenger & Sagi, 1996) . In this study, we use the term PF as a perceptual synonym for the physiological receptive field.
The distinction between pattern and lateral masking is based on an implicit assumption that the boundaries between the inside (pattern) and outside (lateral parts) of the PF can be inferred from a visually apparent gap between the target and the mask. However, a direct estimate of the PF and how it affects masking and crowding is not yet known, especially at the periphery. We recently showed that the size of the PF increases with increasing eccentricity and that the effect of masking is related to this increase in the PF (Lev & Polat, 2011) . Thus, additional aims of this study were to explore the spatial and temporal relationships between masking and crowding at the fovea and periphery and to determine whether they are related to the size of the PF.
Working model, hypotheses, and aims
Our current in-progress descriptive working model is based on physiological and psychophysical data accumulated during the past few decades suggesting that lateral interactions may be involved in contextual modulations (Fitzpatrick, 2000; Kapadia, Westheimer,Polat & Sagi, 1994a; Stettler, Das, Bennett, & Gilbert, 2002) . The data show that lateral interactions modulate target visibility and, hence, masking. Results and models suggest that the modulations are derived by excitation (E) and inhibition (I) and that the E/I is determined by spatiotemporal parameters. However, whether crowding is affected by mechanisms similar to masking remains an unresolved question. We hypothesized that masking and crowding may share common mechanisms under a certain range of spatiotemporal parameters. Furthermore, we predicted that these relationships depend critically on the PF's size, which is dynamically changed by the spatiotemporal parameters that affect the E/I level. Hence, masking and crowding in the fovea and periphery may reveal stronger relationships than were previously assumed and reported.
Support for our hypothesis that crowding and masking are related arises from results showing that training in contrast detection under masking conditions results in improvement in letter identification in young people with normal vision (Lev, Ludwig, et al., 2014) , in presbyopes (Polat et al., 2012; Yehezkel, Sterkin, Lev, & Polat, 2015) , in amblyopes (Polat, 2009b; Polat, Ma-Naim, Belkin, & Sagi, 2004; Polat, Ma-Naim, & Spierer, 2009) , and in people with underdeveloped visual functions . These improvements were manifested in improved visual (letter) acuity, reduced crowding, and improved reading speed. Below are the hypotheses and assumptions behind the current study, whereas the details are presented in the Appendix.
1. Crowding and masking are affected by the RF's size.
(a) Crowding and masking are suppressive effects from inside the PF. Outside the PF, the suppressive effect is reduced by lateral facilitation; thus, crowding is absent or minimal from outside the PF. (b) The PF's size is dynamic, affected by contrast, target-flanker separation, global configuration, and presentation time. (c) The PF is larger for lowcontrast targets, but it is decreased for high-contrast targets and for I. (d) The PF size is modulated by a neural network of E and I. (e) The target's contrast threshold under collinear facilitation (usually 3k at the fovea and 5k at the periphery), which reduces the inhibitory effect, reveals the optimal PF size under lateral interactions. Since the PF's size for isolated targets (no lateral I) and for targets under conditions of lateral interactions may be different, the PF size, when measured under conditions of lateral interactions and near a target's contrast threshold, is most suitable for exploring the relationships between masking and crowding. Thus, at the border of the PF, masking and crowding effects exhibit the strongest correlation.
2. Crowding and masking are processed by common neural interactions under certain spatiotemporal conditions in both the fovea and the periphery. (a) The neural interactions of E and I modulate target visibility. The E/I level is determined by spatiotemporal parameters such as contrast, target-flanker separation, global configuration, and presentation time. (b) I is pronounced for short target-flanker separations, high-contrast targets, and short processing times. E is pronounced for larger targetflanker separations, low-contrast targets, collinear configurations, and longer processing times. (c) Crowding is affected by I (suppression), whereas masking is affected by I and E (suppression and facilitation). Crowding is pronounced when the E/I level is shifted toward I. Crowding is released when the E/I level is shifted toward E or for minimal I, when the lateral E (lateral masking) takes place. (d) There is a critical distance (the border of the PF) and a critical time (dynamics of E and I) at which E/I reaches a certain level, which may indicate the PF's size. Isolating the optimal spatiotemporal conditions when E/I reaches this level reveals the optimal correlation between masking and crowding.
General method Subjects
A total of 33 subjects participated in this study. The number of subjects that participated in each experiment is indicated in the relevant experiment. Their ages ranged from 17 to 40 years, and they had normal or correctedto-normal visual acuity. The participants signed an informed consent form that was approved by the local Institutional Review Board of Sheba Medical Center.
Apparatus
Stimuli were displayed as gray-level modulation on a Philips 107P color monitor (Philips, Eindhoven, The Netherlands). A Dell personal computer (Dell, Round Rock, TX) controlled the experiments. The stimuli were viewed from a distance of 150 cm in a dark room. The mean display luminance was 40 cd/m 2 in an otherwise dark environment. Gamma correction was applied. When we used Gabor targets (Figure 1a, b) , the stimuli were localized gray-level gratings (Gabor patches) with equal luminance distribution-standard deviation (r), allowing a minimum of two cycles in the Gabor patches (r ¼ k[wavelength])-modulated from a background luminance (40 cd/m 2 ). Thus, at target-flanker separations of 3k or more, there is no overlapping between the target and the flankers (Polat, 1999 (Polat, , 2009a Polat & Sagi, 1994b) . Two identical flankers with high contrast served as a mask. In the crowding experiments, we used E letters embedded in a matrix of E letters (Figure 1c through e) , whereas the surround mask was identical to the target. The spatial separation between the target and the flanker (physical gap, interletter spacing) is measured in units of letter size (degrees). We also conducted a temporal crowding experiment using a temporal gap (interstimulus interval, ISI) between the E target and the matrix of E letters ( Figure 1e ). The type of the stimuli that we used in each experiment is indicated in the relevant Method section of that experiment. Screen resolution was 1024 3 768 pixels; for a viewing distance of 150 cm, it occupied a 9.28 3 12.28 area. Thus, 18 includes approximately 84 pixels (1024/12.2). Therefore, 1 arcmin includes 1.4 pixels (84/60), which is the standard vision of 6/6 (20/20). When converting to LogMar, 1 arcmin is equal to zero LogMar (log 10 1). Thus, we can present the results as cycles per degree (cpd), visual angles (degrees, arcmin), or acuity units (logMar). Note that the size of the E letter is always five times larger than the acuity limit, which is determined by the resolution of the gap between the E strokes. More details are given in the relevant experiments.
Procedures
To measure the effect of Gabor target detection, we used temporal two-alternative forced choice (2AFC) at the fovea and the yes-no procedures at the periphery. The suitability of using temporal 2AFC at the periphery was debated in earlier studies that measured lateral masking at the periphery due to possible eye movements, especially if the stimuli appeared at the same location in the second interval (Giorgi, Soong, Woods, & Peli, 2004; Lev & Polat, 2011; Shani & Sagi, 2005) . For that reason, we used here the procedure used in Lev and Polat (2011) . The task was either to detect a Gabor target in the masking experiments or to identify the direction of the letter E in the crowding experiments. Subjects were informed of a wrong answer by auditory feedback after each presentation throughout the experiment. A visible fixation circle appeared in the center before each trial and disappeared when the participants pressed the ''ready'' button, after which a blank screen appeared for a random ISI of between 300 and 800 ms; thereafter, the trial began. Each subject underwent a practice session before starting the experiment. The presentation time (duration) in each experiment may differ; therefore, it is given in the relevant location in each experiment.
Data analysis
We used a paired two-tailed test to compare two conditions within the same subjects; the significance is reported as t and p values. When the p value was smaller than four zero digits, we reported it as p , 
Introduction
A critical issue in our working model is estimating the PF's size and relating it to crowding. Many studies in humans could not define the underlying size of the PF, especially when using broadband stimuli such as letters or lines (Levi & Carney, 2011; Polat & Sagi, 1993) . Thus, when considering lateral interactions, one should probe mainly within the PF integration, owing to the possibility of activating not only the optimal PF but also relatively large (lower frequency) PFs that cover both the target and the mask.
Theoretical and experimental studies suggest that the optimal shape of stimuli that fit the receptive field of simple cells in the primary visual cortex are Gabor functions, with the standard deviation (r) equal to wavelength (k). The size of this optimal shape is 2k to 3k at the fovea (Marcelja, 1980; Polat & Sagi, 1993; Polat & Tyler, 1999; Watson, 1982; Watson et al., 1983) and about 5k at the periphery at an eccentricity of 48 (Lev & Polat, 2011; see Appendix) . Thus, masking (ordinary) and crowding effects may result from combining responses from the target and the mask within the same PF (integration within the PF, pattern masking) even when a gap can be seen, when using letters or in the periphery (Lev & Polat, 2011) . Therefore, we propose that pattern and lateral masking may be inseparable unless the size of the underlying PF is clearly known. In this experiment we estimated the size of the PF, using the lateral masking paradigm (Lev & Polat, 2011; see Appendix) , and explored the relationships among masking, crowding, and the size of the PF.
Method
We used the lateral masking with a yes-no paradigm using Gabor patches ( Figure 1a, b) ; this procedure was shown to be effective for measuring the effects of lateral masking at the fovea and periphery (Amiaz, Zomet, & Polat, 2011; Lev & Polat, 2011; Zomet, Amiaz, Grunhaus, & Polat, 2008) . Data collected using temporal 2AFC at the periphery may be challenged due to eye movements (Giorgi et al., 2004; Lev & Polat, 2011; Shani & Sagi, 2005) . However, the yes-no procedure that we recently used overcame this potential problem and provided reliable data for measuring lateral interactions.
Subjects were asked to detect a low-contrast target (14.42 6 3.6, M 6 SD) embedded between two collinear or orthogonal flankers. The contrast of the peripheral target was scaled to be 2.25 times larger than the foveal target's contrast, and the contrast of the peripheral flankers was 1.5 times larger than the foveal mask's contrast. The scaling was determined in pilot experiments and was consistent with previous studies (Foley, Varadharajan, Koh, & Farias, 2007; Lev & Polat, 2011) . The target and flankers appeared randomly in the center, the left, or the right (48) of the center. The spatial frequency of the target and the flankers was six cycles per degree and was presented for 60 ms. The target-flanker distances were 3k, 5k, and 7k. Subjects reported whether the target was present (yes) or absent (no) by pressing the left or right mouse keys, respectively. The aim of the central task was to encourage foveal fixation and minimize attempts of eye movements to the periphery. It used target-flanker distances that were similar to those at the periphery and therefore were nonoptimal for the fovea, thus providing redundant data. The measurements of the false alarm (FA), miss, and hit as well as the correct rejection rates were the same as in our previous studies (Amiaz et al., 2011; Lev & Polat, 2011; Zomet et al., 2008) . Each condition was presented 50 times at each location (fovea, right, and left), with the target present in about one half of the trials (a probability of 0.5). We estimated the PF for each subject using the hit rate and d 0 . Twenty subjects participated in this experiment.
Estimating the PF
At the periphery, measuring the response to the target alone may reveal higher thresholds owing to increased spatial uncertainty, and it may be less reliable than measuring it at the fovea (Lev & Polat, 2011; Levi & Carney, 2011) . In addition, measuring the PF's size under the target alone or under lateral interactions may reveal different sizes (see Appendix). Therefore, since the orthogonal configuration displays no modulation effect outside the PF (Lev & Polat, 2011; Maniglia et al., 2011; Maniglia, Pavan, & Trotter, 2015; Shani & Sagi, 2005) , some studies used the orthogonal configuration as a reference when measuring the masking effect at the periphery (see Appendix). As described above, in our previous study (Lev & Polat, 2011) and in the Appendix, the collinear/orthogonal ratio of 1 can be used to estimate the border of the PF. Thus, here we used the collinear/orthogonal ratio of 1 to estimate the border between the suppression and facilitation zones and the size of the suppressive zone. 0 and phit values were significantly smaller for 5k than for 7k but were larger than 3k (phit ¼ 0.7, p , 0.00005 for both separations; d 0 ¼ 1.56, p , 0.0018 and p , 0.00005, respectively). Thus, this effect of reduced d 0 and phit values for shorter target-flanker separations for the collinear configuration is indicative of a suppressive effect (masking) even though there is no overlapping between the target and the flankers at 3k (Lev & Polat, 2011; .
Results
In contrast, for the orthogonal configuration, d 0 does not display significant changes with a changing targetflanker distance (orthogonal, d 0 : 3k ¼ 2.39, 5k ¼ 1.8, 7k ¼ 2.03; p ¼ 0.15 3k vs. 7k), whereas phit does tend to change with changing target-flanker distances, with a significant effect only between 3k and 7k (orthogonal, phit: 3k ¼ 0.81 vs. 7k ¼ 0.66; p ¼ 0.003). Note that the relationships between changing target-flanker distances and phit are opposite for collinear and orthogonal configurations. This effect of a preferred response of orthogonal over the collinear configuration inside the PF is consistent with previous experimental data ( Knierim & van Essen, 1992; Lev & Polat, 2011; Levitt & Lund, 1997; .
We estimated the PF size for each subject by calculating the ratio (collinear/orthogonal) for each target-flanker separation and fitted a linear line for the three target-flanker separations (Lev & Polat, 2011) for d 0 ( Figure 2c ) and phit ( Figure 2d ). The ratio ¼ 1 (collinear ¼ orthogonal) was taken as the crossing border between the suppression and facilitation zones. The results (Figure 2c, d) show the individual calculations of the ratio for each subject (filled circles) and the average result (solid line) at each distance. Based on previous data, our pilot experiments, and the model's prediction regarding the spatial extent of the I and E, we set lower and upper boundaries for the PF's size: 2.5k for the smallest size and 8k for the largest size. Therefore, when the estimated border was higher than the boundary (phit: n ¼ 1; d 0 : n ¼ 4), it was set to 8k. Likewise, when the estimate was lower than the boundary (phit: n ¼ 1; d 0 : n ¼ 1), it was set to 2.5k. The average ratio was lowest for 3k and highest at 7k (d 0 : 3k ¼ 0.27 vs. 7k ¼ 0.96, p , 0.00005; phit: 3k ¼ 0.59 vs. 7k ¼ 1.42, p , 0.00005). The estimated ratio ¼ 1 for the group indicates that the size of PF is between 5k and 6k. The ratio was smaller than 1 at 3k for the majority of the subjects, indicating suppression, whereas facilitation was found for the majority of subjects for a larger target-flanker distance (7k), consistent with our previous results (Lev & Polat, 2011) . The estimated ratio (collinear/orthogonal ¼ 1) was variable, leading to a variable estimation of the PF's size among subjects (d 0 : range ¼ 2.5k-8k, 5.9k 6 1.68k, 18 6 0.278, M 6 SD; phit: 2.5k-8k, 5.5k 6 1.57k, 0.918 6 0.268), consistent with the results of Lev and Polat (2011) .
Discussion
We replicated our previous finding (Lev & Polat, 2011) that the average size of the PF at 48 is about 5k-more than twice the estimated size of the foveal PF (2k). Our results confirm our suggestion that previous studies used nonoptimal target-flanker separations at the periphery to explore the effect of crowding (Chakravarthi & Pelli, 2011; Levi & Carney, 2011) , masking, and collinear facilitation Shani & Sagi, 2005; Williams & Hess, 1998; Zenger-Landolt & Koch, 2001) .
One important point deduced from our data is that the masking effect (suppression) can be demonstrated at the periphery for a nonoverlapping target-flanker separation of 3k. The effect of suppression is manifested by reduced phit values. This result of suppression for nonoverlapping target-flanker separations was revealed despite the effect of a stable FA, whereas phit values changed with distance, indicating that the effect was not due to a bias in reporting the targets present but instead was probably due to the contribution of the flankers and the target signals inside the PF (Chen & Tyler, 2008; Meirovithz et al., 2010; . This demonstrates the pattern-masking effect but under experimental conditions that are usually considered as lateral masking. This result supports our model's prediction that pattern and lateral masking may be inseparable in some cases, especially at the periphery, without taking into account the size of the underlying PF.
Another important finding in our study was the large variability of the PF's size found among subjects. This effect may suggest that the spatial size of crowding is not fixed but instead is variable among subjects and presentation times (Tripathy et al., 2014) . For a discussion about the relationships between the critical range of crowding as well as the PF's size and eccentricity, see Levi (2008) , Pelli and Tillman (2008) , and Whitney and Levi (2011) .
Comparison between phit and d
0 and the effect of FA Figure 3 shows that the correlation between the estimate of the PF's size using d 0 and phit is high and significant: F(1, 18) ¼ 23.76, r ¼ 0.75, p ¼ 0.00012. Thus, our results are consistent with our previous study indicating that the use of phit as a measure is accurate, that phit can be used as a reliable tool for estimating the PFs (Lev & Polat, 2011) , and that it is consistent with the sensitivity measure of collinear facilitation when comparing yes-no and 2AFC . Therefore, using the hit rate ratio to estimate the PF's size seems to be more stable and reliable.
Consistent with previous studies, our results show that when using the yes-no paradigms and the mix-bytrial paradigm (Lev & Polat, 2011; Zomet et al., 2008) , d
0 does not follow the expected results of collinear facilitation as measured by temporal 2AFC . The difference between the two methods can be explained as high noise at the decision-making level, resulting from the high FA rate (in the yes-no method) that increases with decreasing target-flanker separation, producing a filling-in percept (Meirovithz et al., 2010; . However, the difference between the measure of d 0 using yes-no and 2AFC is still under theoretical and experimental consideration and is beyond the scope of this article. Next, we explore the relationship between the PF's size and crowding.
Experiment 2: Size of PF and letter identification (crowding) Introduction Flom et al. (1963) measured the contour interactions (crowding effect) at the fovea of people with normal vision and those with amblyopia. They found an effect at the fovea for target-flanker separations of less than 5 arcmin for people with normal vision but a much greater effect at the fovea of people with amblyopia. They concluded that the contour interaction effect is related to the visual acuity (the minimum angle of resolution) and that it is therefore related to the size of the receptive field. Accordingly, the crowding effect and the PF should be scaled with an eccentricity having a similar proportionality (scale-shift model; Levi, 2008) . However, many studies exploring crowding at the periphery found that the range of the crowding effect is larger than what can be expected from the size of a single letter and concluded that the scale-shift model is incomplete and thus cannot explain crowding at the periphery (Levi, 2008; Pelli & Tillman, 2008; Whitney & Levi, 2011) . This discrepancy appears to be due to the major finding that the crowding range is not scaled with an increasing letter size at the periphery. An alternate model suggests that the critical spacing needed for identifying small letters is roughly half the eccentricity (Bouma, 1970) . This relationship, known as Bouma's law, is one of the main characteristics used to test the crowding effect (Levi, 2008; Pelli & Tillman, 2008; Whitney & Levi, 2011) . However, a deviation from the scale-shift model may arise from the use of a nonoptimal distance between the target and flankers, thus activating PFs larger than those assumed at the periphery. Moreover, although it is well known that the size of the PF increases with eccentricity, there are no direct ways of measuring the size of the PF at the periphery and of assessing direct relationships among the letter size, the PF's size, and crowding.
We predicted that the size of the PF should increase with increasing eccentricity and correlate with the crowding effect, in line with the scale-shift model. Variability in the PF size across observers in the same eccentricity implies that the critical distance for crowding is not a precise value. The group average, on the other hand, may follow Bouma's law and allow us to make comparisons between the scale-shift model and Bouma's law. Here we explore how the PF's size is related to crowding at the periphery.
Method
The targets were Tumbling E patterns that appeared randomly at the center, the left, or the right (48) of the center with durations of 60 ms. A forced-choice paradigm was used in which the subjects were asked to detect whether the open side of a visible letter E ( Figure  1c ) was to the right or the left; subjects reported their answer by pressing the left or the right mouse key. We used a staircase of three up one down to determine the threshold (79% correct) of letter size (Bonneh et al., 2007) . Spacing was always kept proportional to the letter's size (see Yehezkel et al., 2015) . The thresholds for each location were measured using a separate staircase mechanism. There were about 50 trials per location, and the data from the right and left sides were combined, thus totaling 100 trials per data point. The foveal task served as a tool to force fixation at the fovea and to prevent eye movements to the periphery. The interletter spacing of two and four letters, which was used, is suitable for exploring crowding at the periphery. However, this interletter spacing was too large to show crowding at the fovea (Lev, Yehezkel, et al., 2014; Levi, 2008; Pelli et al., 2004; Whitney & Levi, 2011) . Thus, as expected, the results show no crowding effect; therefore, they are not shown here. In Experiment 1 (Figure 2 ) and our previous study (Lev & Polat, 2011) , we found that the average size of the PF is about 5k to 6k (approximately 0.88-1.08). Based on our pilot data and the estimated average size of the PF, we used two different interletter spacings: an interletter spacing of four letters, which was assumed to produce weak or no crowding, and a shorter interletter spacing of two letters, which produced strong crowding. The crowding effect was calculated as the difference between the thresholds (in logMar) under the crowded condition and the single letter (crowded minus single). The same 20 subjects participated in this experiment.
Results
The threshold elevations of the minimal letter size (visual acuity) for crowded conditions are presented in Figure 4 . The results show that the crowding effect (crowded minus noncrowded) is significantly larger for two than for four interletter spacings (letter size in log units; 0.46 vs. 0.22, p , 0.0005; single letter ¼ 0.43; two interletter spacings ¼ 0.89; four interletter spacings ¼ 0.65), showing the known dependency of crowding regarding the distance between the target and flankers and regarding the letter size (acuity).
Next, we correlated for each subject the size of the PF that was calculated in Experiment 1 (Figure 2 because some subjects reached a very large letter size that prevented us from reliably measuring the effect with the crowded letters (the ceiling effect). Possibly for the same reason, the correlation with the crowding at two interletter spacings was not significant for the crowding-phit: F(1, 18) ¼ 3.82, r ¼ 0.41, p ¼ 0.06-and for the crowding effect-phit: F(1, 18) ¼ 8.3, r ¼ 0.21, p ¼ 0.37. Thus, more correlation was found between the size of the PF and crowding for larger interletter separations, suggesting that correlation is better near or at the border of the PF. Our model predicts that the correlation between the masking and crowding effects at the border of the PF is higher than for either inside or outside the PF since at the border the E/I reaches a level where the lateral E balances the local I. Indeed, we found a significant correlation between the masking and crowding effects at 5k (the estimated border, 
Discussion
The results of this experiment confirm our hypotheses and assumptions that the size of the PF and the crowding effect in letter identification are related. The results indicate a correlation between crowding, as measured by letter acuity, and the size of the PF for each subject (i.e., that the crowding effect is proportional to the size of the PF; Flom et al., 1963) . Note that the range of crowding varies largely among subjects by about a factor of three (1.22-3.458, 1.95 6 0.52, M 6 SD, center to center), unlike the fixed window of crowding suggested earlier at the periphery (Levi, 2008; Pelli & Tillman, 2008; Whitney & Levi, 2011) . Thus, our results are consistent with our hypotheses and assumptions showing that the best correlation was found at the border of the PF for specific spatiotemporal parameters. Note also that the average range of crowding (center to center) is about 28 (center to center), which is consistent with the range expected from Bouma's law at 48 of eccentricity.
Experiment 3: Temporal properties of letter identification (crowding) and the size of the PF
Introduction
Recently we showed that letter identification (crowding) in the fovea is affected by the time that the target is presented and that crowding increases when a matrix of similar flankers is presented after a short delay (ISI) of 30 or 60 ms, but that the crowding effect decreases with increasing delays (Lev, Yehezkel, et al., 2014) . This is referred to here as temporal crowding of letters. This result is supported by a study that explored the relationships of temporal asynchrony of crowding (Chung & Patel, 2011) . Importantly, it was shown that maximal crowding does not require the target and flankers to be presented simultaneously; conversely, simultaneous presentation of the target and flankers underestimates the crowding effect. Our model predicts that there is a spatiotemporal range at which masking and crowding are related. In Experiment 2 we explored the spatial range of the crowding in relation to the PF's size. Here our aim was to explore the temporal domain of crowding and the relationships with the PF's size. To this end, we used temporal parameters that exhibited a suppressive effect in temporal crowding or masking (Breitmeyer, 1984; Chung & Patel, 2011; Enns & Di Lollo, 2000; Lev, Yehezkel, et al., 2014; Polat & Sagi, 2006; Saarela & Herzog, 2008) .
Method
The crowding effect was measured using a letter identification task that was described before (Lev, Yehezkel, et al., 2014) . Here we chose parameters that exhibit temporal effects in masking (Lev, Yehezkel, et al., 2014; Polat & Sagi, 2006) and crowding (Chung & Patel, 2011; Lev, Yehezkel, et al., 2014) . We measured the threshold of identifying a single letter size (visual acuity) presented for 60 ms under two conditions: the target alone or the target under a temporal crowding condition using a matrix of E letters with an interletter spacing of two or four (the same that we used in Experiment 2). The size of the letters, measured using the same staircase as in Experiment 2, converged to 79% correct. The matrix of crowded letters appears after the appearance of the target alone (ISI ¼ 60 ms, stimulus onset asynchrony [SOA] ¼ 120; see Figure 1e ), which did not overlap with the target's location. The effect of crowding was calculated as the difference between the threshold under temporal crowding and that of a single target. Sixteen subjects, out of the 20 who participated in the previous experiment, participated in this experiment.
Results
As shown in Figure 6a , the temporal crowding effect (increased letter size) was significantly higher for two than for four interletter spacings (0.21 vs. 0.18; p , 0.0005). This result of temporal crowding is reminiscent of the data found for spatial crowding and is presented in Figure 4 . Thus, we compared spatial (simultaneous, SOA ¼ 0) and temporal crowding for the 16 subjects who participated in both experiments. A two-way repeated measures ANOVA of interletter spacing (two vs. four) 3 SOA (0, 120 ms) revealed a significant effect of spacing, F(1, 15) ¼ 20.3, p , 0.0005; and SOA, F(1, 15) ¼ 43.2, p , 0.0005; and interaction, F(1, 15) ¼ 11.28, p ¼ 0.004. At an ISI of 60 ms and a spacing of two, the effect of crowding was significant ( p ¼ 0.00026), but at a spacing of four it was insignificant ( p ¼ 0.1). For spacing of two letters the effect of temporal crowding is correlated with the spatial crowding, F(1, 14) ¼ 4.93, r ¼ 0.51, p ¼ 0.043. Here we found a correlation between the PF's size for each subject and the threshold elevation under the temporal crowding condition; d 0 : Figure 6b) ; phit: F(1, 14) ¼ 9.14, r ¼ 0.62, p ¼ 0.0090 (Figure 6c ). At four interletter spacings, many subjects exhibited no tem-poral crowding effect, consistent with the prediction of reduced crowding with increasing spatial separation. This relation between spatial and temporal crowding was replicated in previous studies of masking, showing that temporal masking is diminished with larger targetflanker separations (Breitmeyer, 1984; Polat & Sagi, 2006; Saarela & Herzog, 2008) .
Discussion
Our results confirmed our hypotheses and assumptions that temporal crowding, like spatial crowding, is correlated with the size of the PF. Subjects that have larger PFs are more susceptible to the effect of temporal crowding than are subjects with smaller PFs. This effect also increased with shorter target-flanker separations, consistent with the known effect of spatial crowding (Levi, 2008; Whitney & Levi, 2011 ). Thus, our major prediction that both spatial crowding and temporal crowding are related to the size of the PF is confirmed at the periphery, where it was shown that masking and crowding are similarly affected by spatial and temporal parameters.
Our results regarding the effect of spatiotemporal crowding are also consistent with previous studies showing that crowding decreases when the spatial gap (distance) and temporal gap (ISI) increase between the target and flankers (Chung & Patel, 2011; Lev, Yehezkel, et al., 2014) . This result of decreased crowding with increased SOA is consistent with our hypotheses and assumptions and our recent study (Lev, Yehezkel, et al., 2014) that crowding is strongest when the time available for target processing is limited, suggesting that it coincides with the short time constant of the I. Our results thus add to the overall conclusion that crowding is also affected by temporal factors (Greenwood, Sayim, & Cavanagh, 2014; Lev, Yehezkel, et al., 2014; Tripathy et al., 2014) . Whereas several studies that characterized crowding focused on the spatial domain of the crowding (Danilova & Bondarko, 2007; Flom et al., 1963; Levi, 2008; Pelli et al., 2004; Strasburger & Malania, 2013; Whitney & Levi, 2011) , the emerging results (Lev, Yehezkel, et al., 2014; Tripathy et al., 2014) may support the notion that crowding, like masking, may also be affected by temporal parameters at the periphery similarly to the fovea. Next, we explore the effects of crowding and masking at the fovea.
Effects at the fovea Experiment 4: Temporal effects of crowding using a letter identification task

Introduction
We showed (Experiment 1), as in a previous study (Lev & Polat, 2011) , that the periphery and the fovea at an eccentricity of 48 have similar spatial behavior patterns of lateral interactions (collinear facilitation and suppression) when the target-flanker distance is properly scaled and that the effect of increased crowding at the periphery can be explained by the increased PF's size. We also showed a good correlation between PF size and temporal crowding. One main prediction and aim in this study was to find common spatiotemporal parameters that would enable us to develop a unified model for the fovea and periphery. We recently explored the temporal domain of crowding at the fovea and found that the normal fovea exhibits crowding for very brief presentation times and for short target-mask distances (Lev, Yehezkel, et al., 2014) . Therefore, here we wanted to investigate whether crowding at the fovea is affected by a spatiotemporal domain like at the periphery. To this end, as described in the hypotheses and assumptions, we used the E and I characteristics to estimate the PF border (using a new paradigm that is explained next) and, like at the periphery, we measured crowding using letter identification (Lev, Yehezkel, et al., 2014) and correlated it to masking.
Method
We measured crowding using the same paradigm that we used recently at the fovea (Lev, Yehezkel, et al., 2014) . The targets were Tumbling E patterns presented at the fovea for durations of 30, 60, 120, and 240 ms. A forced-choice paradigm was used in which the subjects were asked to detect whether the open side of a visible letter E (Figure 1c ) was to the right or left; subjects reported their answer by pressing the left or the right mouse key, respectively. We used a fixed size for the letters (7.2 arcmin) with two different interletter spacings (center to center) under crowding conditions (0.4 letter spacing ¼ 10.08 arcmin; 1 letter spacing ¼ 14.4 arcmin). A single target letter without crowding was measured as well. The experiments were conducted using a blocked procedure in which only one separation was used, and there were 100 trials per data point in the fixed-size experiment. The order of the blocks was random. Under the crowding condition, an array of randomly facing Es (flankers) surrounding the target was added. The percentages of correct answers for the target alone and under the crowding conditions were measured separately. The crowding effect was indicated by a reduction in the percentage correct under the crowding conditions relative to the target alone. Thirteen new subjects participated in this experiment. Figure 7a shows the effect of crowding as a function of the presentation time for 0.4 interletter spacing. A two-way repeated measures ANOVA of interletter spacing (one vs. 0.4) 3 duration (30, 60, 120, and 240 ms) revealed a significant effect of spacing, F(1, 12) ¼ 49.00, p , 0.0005; and duration, F(3, 36) ¼ 30.05, p , 0.0005; and interaction, F(3, 36) ¼ 20.3, p , 0.0005. Whereas the percentage correct for the target alone was reduced only slightly and not significantly for a presentation time of 30 ms, the performance under the crowded condition was reduced significantly for all presentation times (30, 60, 90, and 120 ms) . These results are consistent with our results (Lev, Yehezkel, et al., 2014) and showed no crowding effect for one interletter spacing; thus, the data here are not shown.
Results
The crowding is reduced with increasing presentation time, reaching the no-crowding level (the critical time for crowding) with longer presentation times. For each subject, we calculated the reduction in the percentage correct (delta) between the crowded and noncrowded conditions for each presentation time. Thus, for each subject there are four data points. We used the convention that the crossing point of the linear fit with the no-change level (null effect, noise, or saturation) provides a reliable estimate of either the threshold or the critical point (Norcia & Tyler, 1985; Norcia, Tyler, Hamer, & Wesemann, 1989; Tyler, Apkarian, Levi, & Nakayama, 1979) . The results, presented in Figure 7b , show the average crowding effect of the subjects. The solid line denotes the linear fit of the average data points (r ¼ 0.93, r 2 ¼ 0.864). The results indicate that the crowding effect is strongest for a shorter presentation time of 30 ms and is reduced with increasing presentation time, showing that crowding is apparent at more than 240 ms and that it reaches a critical time for crowding (zero; dashed extrapolated line) at about 240 to 280 ms. However, it is possible that the critical time may reflect a ceiling effect at 240 ms, where the percentage correct is nearly 100. However, the average result is not exactly 240 ms, indicating that many subjects did not reach the ceiling effect. Some subjects reached the critical duration at a short time of 60 ms, indicating that this effect may be affected by the task's difficulty (Lev, Yehezkel, et al., 2014) . Thus, we contend that our estimate of the critical duration is not due to a ceiling effect.
Discussion
We used here a method similar to that of Flom et al. (1963) , who reported a crowding effect up to about 4 arcmin. A short distance for crowding was also reported in other studies (Danilova & Bondarko, 2007) , and it is assumed to be the upper limit of spacing for crowding. However, Flom et al. (1963) used an unlimited presentation time, Danilova and Bondarko (2007) used a 500-ms presentation time, and Levi and Carney (2011) used a 250-ms presentation time that was longer than the time it takes to escape from crowding, as found in our study (Figure 7b ). Our results are consistent with our previous study (Lev, Yehezkel, et al., 2014) showing that foveal crowding can be revealed for short presentation times. The spacing between the letters (center to center) in our study is 10.08 arcmin for 0.4 letter spacing and 14.4 arcmin for one letter spacing, which is larger than the spacing assumed to have no crowding effect in the fovea. Thus, our data confirm our prediction that crowding, like masking, may have a temporal component that affects the results. This result is consistent with a recent study, in the periphery, showing that the range of crowding increases with decreasing presentation time (Tripathy et al., 2014) .
Experiment 5: Spatial masking using Gabor detection for short presentation times
Introduction
As shown above for the periphery, crowding is correlated with the size of the PF and is affected by temporal parameters. We have assumed that lateral interactions, in addition to spatial effects, are also affected by temporal parameters (Cass & Spehar, 2005; Huang & Hess, 2008; . Since we predicted that the fovea will exhibit spatiotemporal relationships similar to the periphery, here we explored the relationships between masking and crowding.
At the fovea, the size of the PF is very small and there is a sharp transition between facilitation and suppression. Thus, using the standard paradigm of measuring the shift from facilitation to suppression poses a resolution limit that may decrease the accuracy. Therefore, here we used a different approach based on our basic model's assumptions that the PF size is dynamic and changes with a target's contrast and that the optimal size of the receptive field is found under collinear conditions for low-contrast targets when the E and I reach a steady state (Kasamatsu, Miller, Zhu, Chang, & Ishida, 2010) . Thus, at the border of the PF, the lateral E balances the local I near the target's contrast threshold. Since the maximal effect of crowding (Figure 7) was at 30 ms, we explored the effect of lateral interactions for this short presentation time of 30 ms to explore the relationships between crowding and masking.
Method
Contrast detection of a Gabor target was masked by two high-contrast (60%) collinear Gabor flankers. The target-flanker distance was 1.5k, 2k, 3k, and 4k (0.188, 0.248, 0.368, and 0.488) presented for 30 ms with a spatial frequency of eight cycles per degree (k ¼ 0.128-the same as the letter size in Experiment 4). Thus, since we used r ¼ k, the Gabor includes about two cycles (size ¼ approximately 0.248); therefore, a target-flanker separation of 3k (0.368) resulted in a spacing of 0.128 (no overlapping). Thus, the spacing in the Gabor detection that we used here is in the range of the interletter spacing distance under the crowding conditions measured in Experiment 4 for 0.4 and one interletter spacing. In the case of 1.5k, since the flankers and the target overlap (see Figure 1b) , the targetflanker spacing was 0.188 (10.08 arcmin)-the same as the 0.4 interletter spacing in Experiment 4 showing a crowding effect. In this case, the target's and the flankers' contrasts are combined. According to this account, the task is contrast discrimination and is considered as pattern masking.
Here we wanted to measure the contrast threshold of the Gabor target; to this end, we used a 2AFC paradigm that is more suitable than yes-no for this purpose (see General method). The target's contrast detection threshold was determined for each condition using two intervals of 30 ms, with an 800-ms gap between them. Participants were asked to report which interval contained the target by pressing a mouse button (left for the first interval and right for the second). The same 13 subjects participated in this experiment.
Results
As shown in Figure 8 , there was a large suppressive effect at 1.5k (0.52 log unit, p , 0.00005), which decreased rapidly to a lower and insignificant effect at 2k (0.11 log unit, p ¼ 0.24) and 3k. The suppressive effect at 1.5k is slightly larger than the typical amount of suppression reported earlier for the 90-ms presentation times (Polat & Sagi, 1993) . In addition, note that the suppression at 1.5k is significantly higher ( p , 0.00005) than at 2k despite the small difference of 0.5k (3.6 arcmin) in the target-flanker separation between them.
Discussion
As predicted by our hypotheses and assumptions, the data show that for short presentation times there is an increased suppressive effect and that the expected facilitation effect at 3k and 4k is not apparent. This result confirms our prediction that target-flanker separations below 2k reveal the effects of I from inside the PF, whereas at 2k to 3k, at the border of the PF, they reflect an E/I level at which the lateral E balances the local I. This result is consistent with the relationships between I and E at the PF's border for short presentation times. This function of lateral interactions is reminiscent of the function found in amblyopia (Polat et al., 2004) and is consistent with our hypotheses and assumptions regarding the dynamics of lateral interactions. Thus, the results confirm our model's assumption that in lateral masking there is an initial phase of suppression due to fast (transient) local I. The fast suppression may explain the crowding effect that we found in the fovea for short presentation times.
Introduction
According to our hypotheses and assumptions, (a) masking and crowding are mediated by E and I and (b) contrast affects the E/I; hence, they affect the size of the PF (Cavanaugh, Bair, & Movshon, 2002a , 2002b Fitzpatrick, 2000; Kapadia, Westheimer, & Gilbert, 1999; Kasamatsu et al., 2010; Sceniak, Ringach, Hawken, & Shapley, 1999) . When the stimulus approaches the contrast detection threshold, the response may be evoked only from those neurons that are driven by the stimulus (Pelli, 1985; Stemmler, Usher, & Niebur, 1995) . Thus, the optimal PF size may be found for a low-contrast target under a collinear configuration (Kasamatsu et al., 2010) .
As described in the hypotheses and assumptions, the size of a PF under conditions of lateral interactions near the contrast threshold may reveal the optimal PF size for exploring the relationships between masking and crowding. Therefore, we measured the contrast detection threshold under lateral masking conditions to estimate the optimal PF size. Thus, we explored the relationships among contrast detection threshold, letter identification (crowding), and the critical duration needed to overcome the crowding. We chose spatiotemporal parameters (2k, 3k, and 4k) that were intended to measure the effects at the border or outside the PF (1.5k as shown above is inside the PF) and a 0.4 interletter spacing that shows the effect of crowding.
Method
We calculated the correlation among subjects between the contrast detection, under masking conditions, for target-flanker distances of 2k, 3k, and 4k from Experiment 5. We also calculated the letter identification (crowding) for 0.4 interletter spacing for each presentation time (30, 60, and 120 ms) from Experiment 4.
Results
The presentation time and target-flanker separation affected the correlation between masking and crowd- Figure 1) as a function of the target-flanker separation in k units (x axis). The solid red line indicates the threshold of the target alone. The data points and the error bars are taken from single measures and are presented at each location for convenience and for comparison with the lateral interaction data. There is a large masking effect for short distances and no facilitation effect at 3k and 4k. The error bars denote the standard error of the mean (n ¼ 13).
ing. Figure 9 shows the correlation between the contrast detection and the letter identification effects for each presentation time (30, 60, and 120 ms) for target-flanker separations of 2k, 3k, and 4k, respectively; the strongest correlation was always found for a target-flanker separation of 3k. Note also that for each target-flanker separation the correlation was increased with increasing presentation time. The details of all correlations and the statistics are provided in the figure captions.
The results showed that the correlation between contrast detection using Gabors and letter identification is stronger for longer presentation times. This result is consistent with our hypotheses and assumptions that the E/I is not fixed, suggesting that subjects having a low contrast threshold also have less of an inhibitory effect, thus enabling the slower effect of collinear facilitation to be more effective (Cass & Alais, 2006; Polat & Sagi, 2006; Sterkin & Polat, 2008; Sterkin, Yehezkel, Bonneh, Norcia, & Polat, 2009 ). In addition, we noted that the best correlation for each presentation time was found at 3k, a target-mask separation possibly reflecting the E/I balance at the PF's border at the fovea. Moreover, the results support our hypotheses and assumptions that the best correlation between masking and crowding might be attributed to estimating the PF's border under lateral masking conditions. Consistent with this assumption is our finding that the correlation from within the PF (1.5k, overlapping masking) with the crowding is small and insignificant (30 ms: r ¼ 0.4, p ¼ 0.15; 60 ms: r ¼ 0.5, p ¼ 0.08; 120 ms: r ¼ 0.35, p ¼ 0.23), whereas the results for 2k are slightly better and barely significant, and only for the longest duration of 120 ms. In contrast, for 3k, the correlation is significant for all durations and is strongest for 60 and 120 ms. Thus, consistent with our model's predictions, the correlation may reflect the E/I balance at the border of the PF and, consequently, the optimal size of the RF under masking and crowding conditions. Moreover, the E/I balance was reached at a spatial separation of 3k and for a temporal balance between the time constant of decaying I and the time constant of increasing E. Thus, the correlation at 3k may reveal that the spatial and temporal window that the masking and crowding processing reach is a balance, and hence it reflects the strongest level of correlation.
Spatial and temporal relationships between contrast detection (masking) and letter identification (crowding)
Introduction
Based on our hypotheses and assumptions, we chose spatiotemporal parameters that were assumed to be optimal for I (a short presentation time) and for measuring the contrast threshold under conditions of lateral interactions to explore the relationships between masking and crowding in the fovea.
Method
We used the contrast detection threshold that was found in Experiment 5 for a presentation time of 30 ms. We also used the calculated critical time for crowding (no-crowding effect, Experiment 4; Figure 7b ) by extrapolating the curve to the zero crowding level for each subject (as shown for the average group in Figure  7b ). For each subject, we calculated the reduction in the percentage correct (delta) between the crowded and noncrowded conditions for each presentation time (30, 60, 120, and 240 ms) . Then we calculated the first presentation time at which the fitted linear slope reached the no-crowding effect (zero).
Results
There was variability among subjects regarding this critical time (as can be seen from the error bars in Figure 7b ). There was also variability in the contrast detection threshold among subjects. We calculated, for each subject, the correlation between the critical time for letter identification under the crowding condition and target detection under masking at 2k, 3k, and 4k for a presentation time of 30 ms.
As Figure 10 shows, there was a very strong correlation-F(1, 11) ¼ 162.0 , r ¼ 0.97, p , 0.00005-between the critical time to escape crowding and the threshold at 3k. A weaker correlation, however, was found at 2k-F(1, 11) ¼ 9.7, r ¼ 0.68, p ¼ 0.0098-and at 4k-F(1, 11) ¼ 21.43, r ¼ 0.81, p ¼ 0.0007. For 1.5k the correlation is insignificant; F(1, 11) ¼ 2.77, r ¼ 0.44, p ¼ 0.12. Subjects who had lower contrast detection thresholds under Gabor masking conditions escaped from crowding (letter identification) at shorter times, but subjects with higher contrast detection thresholds escaped from crowding (letter identification) only after longer times. Thus, these results support our model that masking and crowding are related when certain parameters are used in the space and time domains but that the correlation may be weaker with other combinations of parameters, such as target-flanker separations and presentation times.
Discussion
We found here for the fovea, consistent with our previous study (Lev, Yehezkel, et al., 2014) , that crowding is most pronounced for a presentation time of 30 ms and is reduced for longer presentation times and that crowding is found only for short target-flanker distances. As we showed in Figure 8 for a presentation time of 30 ms, the border of suppression is at 2k to 3k (the critical distance for suppression). Thus, the strongest correlation between the critical time for crowding and the critical distance for masking at 3k may reflect the correlation between spatiotemporal processing at the border of the PF, which affects both masking and crowding. This result is consistent with our model's prediction that the E/I balance is reached at a spatial separation of 3k for a short temporal time of 30 ms or more.
General discussion
Our results confirm our hypotheses and assumptions that masking and crowding should be related to the PF's size, at the fovea and periphery, under a specific Figure 10 . The correlation between the critical time to escape from crowding and masking. For each subject the critical duration in milliseconds to escape from crowding (no crowding, y axis) is presented against masking thresholds (log units) for different targetflanker distances: (a) 2k, (b) 3k, and (c) 4k. Each data point denotes data for one subject. A very high correlation was found for 3k (n ¼ 13).
range of spatiotemporal parameters. Our results, in agreement with and in addition to many previous studies (Levi, 2008; Whitney & Levi, 2011) , indicate that multidimensional parameters and multiple factors may affect the experimental outcome. Thus, our results indicate that crowding and masking could be related or not, depending on the particular spatiotemporal parameters chosen in the study. Next, we discuss how to characterize the spatiotemporal domain, which may determine the relationships between masking and crowding.
PF size as an essential factor
A major prediction in our model is that masking and crowding effects are related to the PF's size. Our results indicate that the spatial range of both masking and crowding is increased at the periphery in correlation with the increase in PF size. At the periphery, our estimate of the PF's size is larger than that at the fovea by about a factor of two, and is about 5k, which is consistent with our previous estimate of the PF (Lev & Polat, 2011) . At the fovea we found that the border of the masking effect (2k-3k) is consistent with the size of the PF at the fovea Polat & Sagi, 1993; Polat & Tyler, 1999; Watson, 1982; Watson et al., 1983) . Thus, our results are consistent with our suggestion that crowding and masking, under specific spatiotemporal parameters, can be viewed as pattern masking (ordinary masking) even without any apparent overlapping between the target and flankers.
Comparison between the fovea and the periphery
In both the fovea and the periphery, the best and most significant correlations between masking and crowding are found at the border of the PF. In the fovea it was found for 3k, whereas at the periphery it was found for 5k. In both cases, there is interaction between space and time. Thus, this result is consistent with our hypotheses and assumptions that a larger PF size should result in the strongest masking and crowding and vice versa; hence, an estimate of the PF's size is essential for understanding the relationships between masking and crowding. Moreover, the best correlation was found for certain target-flanker separations (spatial gaps) and certain temporal windows that can be seen as a temporal gap between the onset of the target processing and when it reaches the E/I balance. This effect is seen by increasing the presentation time that is required for the E to take place or by a certain ISI that produces a temporal gap between the target and the crowded letters. Thus, for both the fovea and the periphery, we show that similar characteristics exist for masking and crowding in space and time.
How masking and crowding may be related Models of spatial vision suggest two stages: feature detection and identification. In this regard, masking may be viewed as first-order processing at threshold and crowding, and as an identification task it may be regarded as second-order processing at suprathreshold, which may rely on the output of the first order. Thus, the output of the detection process may serve as input for the mechanism that underlies letter identification. It is also suggested that crowding may be regarded as grouping (Chakravarthi & Pelli, 2011; Herzog & Fahle, 2002; Malania, Herzog, & Westheimer, 2007; Manassi et al., 2012) and may be determined by multiple sources of processing that may be operating at several levels of representation Livne & Sagi, 2011) .
Grouping is suggested as a two-phase process: base grouping and incremental grouping (Roelfsema, 2006) . Base groupings are coded by single neurons tuned to multiple features and are computed rapidly because they reflect the selectivity of feed-forward connections. A second phase, incremental grouping, enhances the responses of neurons' coding features, but it takes more time than does base grouping because it also relies on horizontal and feedback connections. This view is consistent with our previous data (Polat & Sagi, 2006; Sterkin & Polat, 2008) suggesting that the process of grouping consists of two phases: The first one is suppressive, fast, and transient and the second one is facilitative, delayed, slower, and sustained. According to this view, the first phase of grouping, which is dominated by I, acts to reduce the activity in the network (suppression). Then the second phase of grouping, dominated by lateral E, provides segregation of contours from the background and makes them salient for further processing (Polat & Sagi, 2006; Sterkin & Polat, 2008) . Indeed, physiological studies show that the latter phase provides a segregation of figures from the ground (Lamme, 1995; Roelfsema, 2006; Roelfsema, Tolboom, & Khayat, 2007) . Thus, crowding may be related to the first phase of grouping and may be considered as the suppressive phase. We showed here and recently (Lev, Yehezkel, et al., 2014) that the suppressive effect (crowding) is transient but that longer presentation times enable correct identification of the target. Thus, this second part can be viewed as the second phase of grouping, which enables figure-ground segregation (Neri & Levi, 2007; Polat & Sagi, 2006; Sterkin & Polat, 2008) and, hence, correct identification of the target from the background of flankers (uncrowding). We sought a correlation be-tween crowding and masking and found the maximal correlation for conditions where E/I reaches an optimal level between lateral E and local I (e.g., at 3k and 60 and 120 ms; see Figure 9 ). This most likely indicates the transition point from the first phase (inhibitory) to the second phase (excitatory).
Dynamics of masking and crowding (temporal domain)
In the spatial domain, both masking and crowding are affected by target-flanker separations. In the temporal domain, masking ( Figure 8 ) and crowding ( Figure 7 ) are evident for short presentation times and are strongly reduced for longer presentation times. If the second processing stage is delayed after the processing of the first stage has been completed (Neri & Heeger, 2002) , one can predict that crowding may be found after longer times than masking can. However, the calculated critical duration for overcoming crowding at the fovea can reach about 300 ms for some subjects (see Figure 10) .
These long-duration effects are consistent with our assumption that the inhibitory effect is reduced by E, which is delayed. Thus, the critical time needed to overcome crowding depends on the dynamics of E and I and on the time that it takes to reach E/I at an optimal level. Since this E/I level depends on the stimulus parameters and on the network, it may be reached with different spatiotemporal parameters for each subject, resulting in a large temporal window for effective crowding. Therefore, whether crowding is a second stage that is delayed and relies on the output of the masking processing (i.e., a parallel or continuous process), as our model suggests, remains an open question.
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Journal of Vision (2015) 15(13):10, 1-25 Lev & Polat Polat, 1999; Polat & Norcia, 1996; Polat & Sagi, 1994b; Polat & Tyler, 1999; Watson et al., 1983; Zenger & Sagi, 1996) . Thus, masking effects from target-flanker separations of 2k to 3k or less may be considered as integration (or summation) within the same PF (pattern masking). However, the above results were obtained from the fovea, whereas other studies indicated that lateral masking in the periphery is different from that in the fovea, suggesting that collinear facilitation is absent, rare, not consistent, or even replaced by suppression (Giorgi et al., 2004; Levi & Carney, 2011; Shani & Sagi, 2005; Williams & Hess, 1998; Zenger-Landolt & Koch, 2001) . However, our recent study (Lev & Polat, 2011) showed that collinear facilitation and suppression behave similarly when the target-flanker separation is properly scaled (explained next).
Lateral interactions at the periphery
One of the main differences between masking and crowding comes from the observation that the effect of crowding found at the periphery is robust, whereas masking is pronounced at the fovea (Levi, 2008; Levi & Carney, 2011; Whitney & Levi, 2011) . This effect can be explained by our model as underestimating the size of the underlying PF at the periphery. In our recent study (Lev & Polat, 2011) we found consistent facilitation at the periphery, showing that similar spatial rules (suppression and facilitation) apply for the fovea and the periphery when estimating the size of the human PF. The results indicate that the size of the PF is larger at the periphery, consistent with the principle of the cortical magnification factor (Daniel & Whitteridge, 1961; Dow, Snyder, Vautin, & Bauer, 1981; Duncan & Boynton, 2003; Levi, Klein, & Aitsebaomo, 1985) . Thus, in order to obtain the effect of collinear facilitation, the target-mask separation needs to be separated more than at the fovea, reaching 5k to 6k at 48 of eccentricity. This finding may explain why previous studies using target-flanker separations not optimal for the periphery failed to find the expected facilitation effect Shani & Sagi, 2005; Williams & Hess, 1998; Zenger-Landolt & Koch, 2001 ).
Configuration specificity of lateral interactions
Lateral interactions are configuration specific. For the collinear configuration, the effect of facilitation is found outside the PF and the suppressive effect is from inside the PF. In contrast, for the orthogonal configuration, no modulatory effect is found outside the PF, which, however, may be transformed to a facilitatory effect inside the PF (Knierim & van Essen, 1992; Lev & Polat, 2011; J. B. Levitt & Lund, 1997; . Therefore, many studies used the orthogonal configuration as a reference to indicate no modulatory effect from outside the RF when investigating lateral interactions (Lev & Polat, 2011; Maniglia et al., 2011 Maniglia et al., , 2015 Shani & Sagi, 2005; Zomet, Amiaz, & Polat, 2007) . Thus, two opposing types of modulations are found at the border of the PF: Collinear facilitation is transformed from facilitation to suppression, whereas in the orthogonal configuration it is transformed from having no effect to facilitation. Therefore, there are opposite transitions for both configurations, resulting in no effect at the border of the PF. Thus, a ratio of collinear/orthogonal ¼ 1 can be used to accurately estimate the border of the PF.
E, I, and E/I
Lateral interactions are both excitatory and inhibitory (Bair, Cavanaugh, & Movshon, 2003; Cass & Spehar, 2005; Chen, Kasamatsu, Polat, & Norcia, 2001; Fitzpatrick, 2000; Kasamatsu et al., 2010; Kisvarday, Toth, Rausch, & Eysel, 1997; Levitt & Lund, 1997; Mizobe et al., 2001; Polat & Sagi, 1993 , 2006 Weliky, Kandler, Fitzpatrick, & Katz, 1995) . Results suggest that the contextual effects are mediated by the longrange horizontal connections formed by pyramidal neurons within V1 (Bolz & Gilbert, 1989; Gilbert & Wiesel, 1989; Hirsch & Gilbert, 1991; Kisvarday et al., 1997; Mizobe et al., 2001; Weliky et al., 1995) but that feedback from higher cortical areas may also play a role (Gilbert & Li, 2013) . The emerging results from these studies indicate that E is more selective and is received between nonoverlapping neurons connected by long-range connections and that these neurons have similar optimal orientation selectivity that tends to make preferred connections along the collinear configurations. The inhibitory effect resulted from local interactions; it is less selective for the stimulus parameters. However, orthogonal flankers may produce different effects than collinear flankers produce at close proximity or from inside the receptive field, being facilitative or having no effect (Knierim & van Essen, 1992; Levitt & Lund, 1997; . See Mizobe et al. (2001) and Polat (1999) for a schematic description of the model in the spatial domain.
In the temporal domain, it was shown that the time constant of the I is rapid and transient (Bair et al., 2003; Cass & Alais, 2006; Polat & Sagi, 2006) . In contrast, the time constant of the E is relatively delayed and sustained (Bair et al., 2003; Cass & Spehar, 2005; Fitzpatrick, 2000; Grinvald, Lieke, Frostig, & Hildesheim, 1994; Kapadia et al., 1999; Polat & Sagi, 2006) and may abrogate the I with increasing presentation time (Polat & Sagi, 2006) . Our model assumes that the masking effect results from I (local and lateral). See
